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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract
This paper presents a dynamic stall model to predict the unsteady airloads on wind turbine airfoils. The proposed model is based 
on the Beddoes-Leishman (B-L) model and modifications are carried out for wind turbine applications. The lift, drag, and pitch 
moment of the S809 airfoil oscillating in stall-development and deep-stall regimes are predicted. Validation against available 
experimental data shows overall good agreement. 
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1. Introduction 
Wind turbines operate in highly unsteady flow conditions. Large unsteady aerodynamic loads are usually 
produced by the dynamic stall due to dynamic variations of the Angle of Attack (AOA) of airfoils. Wind turbulence, 
yaw, pitch and rotational speed regulations can all lead to dynamic stall phenomena. The associated unsteady 
airloads are usually alculated using a dy amic stall model [1, 2].  
Dynamic stall odels ave been studied for many years and some semi-empirical models have been developed, 
such as the Boeing-Vertol model [3], the Beddoes-Leishma  (B-L) model [4, 5], the ONERA model [6] a  the Øye 
m del [7]. I  recent years, CFD techniques have also been used to study the aerodynamics of airfoils [8, 9]. But, 
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except for relatively simple cases, CFD solutions continue to be expensive and cannot be used in routine engineering 
analyses of wind turbines. 
In order to predict the unsteady aerodynamic loads on wind turbine airfoils, a dynamic stall model is presented in 
this paper. The model is based on the B-L model, adapted to the wind turbine operating conditions. The performance 
of the model is then validated against measurements of the S809 airfoil. 
2. Methodology 
The B-L model was originally developed for helicopter applications, features such as attached flow, separated 
flow at the leading edge and trailing edge, and dynamic vortex [5]. But the model can also be applied to low Mach 
number flows [4] which arise in case of wind turbine rotors. In wind turbines, relatively thick airfoils 
(thickness≥15%) are usually used. On such airfoils, leading edge separation is a rare phenomenon and its effects can 
be neglected. The model proposed in this paper utilises the following elements to calculate the unsteady airloads: 1) 
the indicial response functions for the modelling of unsteady attached flow; 2) the time-lagged Kirchhoff 
formulation for the modelling of trailing edge separation and the dynamic vortex effects. 
2.1. Attached flow 
The ‘attached flow’ response in the B-L model is obtained by a superposition of indicial aerodynamic responses 
[5]. Under attached flow conditions, the total normal force coefficient is given by the superposition of a circulatory 
component CNC and a non-circulatory component CNI: 
 IN
C
N
p
N CCC   (1) 
The tangential force coefficient may be obtained using the effective AOA E: 
 E
p
N
p
C CC tan  (2) 
Similar to the normal force coefficient, the pitching moment can be given as: 
 IM
C
M
p
M CCC   (3) 
2.2. Trailing edge separation 
Flow separation results in a loss of circulation about the airfoil, reducing aerodynamic forces from the attached 
flow values. The separation point is given by f = x/c, where x is the distance to the point of flow separation measured 
from the leading edge, and c the chord length. The Kirchhoff flow equation determines the relationship between the 
normal force and a fixed separation point. Considering the high AOA the wind turbine airfoils may usually operate 
at, the equation can be modified as [4]: 
   41)sin( 20 fCC NN    (4) 
where CN is the slope of the normal force coefficient curve,  the AOA, and 0 the zero-lift angle of attack. 
Similarly, the tangential force coefficient can be revised as: 
 fCC NC )(sin 0
2    (5) 
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Using measured CN and , the relationship between the effective separation point and AOA can be obtained by 
solving for f in terms of CN and using Eq. (4). Under dynamic conditions, the separation point will be delayed due 
to the change of the effective AOA and the delay of boundary layer separation. After consideration of unsteady 
attached flow, the effective AOA may be given as:  
 0'    N
p
N CC  (6) 
The effective AOA  ' then can be used to obtain the effective separation point f '. The additional effects due to 
the delayed boundary layer separation are considered by introducing a first-order lag to obtain the dynamic 
separation point f ": 
 
fT
ff
s
f "'
d
"d 
  (7) 
where Tf is a time constant, and s the nondimensional time (s = 2Vt/c, where V is the freestream velocity, and t the 
time). Using f ", the force coefficients with the consideration of the trailing edge separation can then be obtained 
using Eqs. (4) and (5). 
The success of the above method depends on an accurate representation of the static airfoil characteristics, 
including static force coefficients and separation point. These parameters form the basis for deducing the required 
dynamic forces. In the original B-L model, the separation point obtained for CN is also used for calculating CC. 
However, it is found that in some AOA ranges, the separation point obtained by Eq. (4) cannot reproduce correct 
values of CC using Eq. (5). Thus in this study, the separation point curves for CN and CC are calculated separately as 
fN and fC. Fig. 1 shows the two separation point curves for S809. Clearly, there is a considerable discrepancy 
between the two curves when the AOA is greater than 6°. 
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Fig. 1. Static separation point of S809 airfoil at Re = 1.0×106 
For fully separated flow, the value of the tangential force coefficient may become negative. Correspondingly, the 
square root of f in Eq. (5) should be negative to regenerate the aerodynamic coefficient values. But the negative sign 
is lost in Eq. (5) and may cause problems in reproducing CC. In the original B-L model, a negative CC cannot be 
correctly represented. To eliminate this problem [10], the sign is saved with the value of the tangential separation 
point fC as: 
 )sign(2 FFfC   (8) 
where 
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Eq. (5) is then revised as: 
 )(sign)(sin 0
2 FfCC CNC    (9) 
After the calculation of dynamic separation point fN" and fc", the non-linear force coefficients CNf and CCf can be 
obtained using Eq. (4) and Eq. (9) respectively. 
For the pitching moment coefficient, an empirical relation was proposed in the original B-L model [5]. However, 
the parameters in the formula are different for each airfoil and needed to be determined by curve fitting. To provide 
a generalised solution, the method proposed by Minnema [11] is employed here. A ‘look-up’ table correlating the 
AOA with the moment coefficient is used. Similar to Eq. (7), a first-order lag is introduced to obtain the dynamic 
AOA ": 
 

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where T is a time constant. Using ", the non-linear moment coefficient CMf can be obtained via the look-up table. 
2.3. Dynamic vortex 
During the dynamic stall, vortex build-up and shedding near the leading edge of the airfoil may affect the airloads. 
In the B-L model, an increase in lift is defined as the difference between the unsteady circulatory lift and the 
unsteady lift obtained from the modified Kirchhoff equation [5]. The cumulative vortex lift is allowed to decay 
exponentially with time, but may also be updated with new lift increment to obtain the total vortex-induced normal 
force coefficient CNv. An empirical time constant Tv is introduced to describe the decay of the vortex. The formation 
and shedding of vortices also contributes to the pitching moment. The vortex-induced pitching moment coefficient 
CMv is defined by considering the aft movement of the centre of pressure [5], where a vortex traversal time constant 
Tvl is introduced. 
The effects of the dynamic vortex on the tangential force were not investigated in the original B-L model. 
However, studies of unsteady data showed the vortex component also contributes to the tangential force. In our 
proposed model, the equation recommended by Pierce [10] is adopted to obtain the vortex-induced tangential force 
coefficient: 
 )1(' v
v
N
v
C CC    (11) 
where v is the non-dimensional vortex time (v = 0 at the onset of separation conditions and v = Tvl when the vortex 
reaches the trailing edge). 
Finally, the total unsteady loading on the airfoil can be obtained as: 
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 (12) 
The lift and drag coefficients are then given as: 
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where CD0 is the zero-lift drag coefficient. 
3. Results and discussion 
Fig. 2 shows the reproduction of static aerodynamic force coefficients for S809 airfoil using Eq. (4) and Eq. (9). 
Excellent agreement is observed in the entire region of the AOA. The negative value of CC in the deep-stall regime 
is correctly reflected, which would not be produced by the original B-L model. 
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Fig. 2. Reproduced S809 static aerodynamic force coefficients using static separation point 
Using the proposed model, aerodynamic forces on the S809 airfoil undergoing pitching motion were simulated. 
The airfoil is set to pitch harmonically, i.e., = m + ∆sint, where mis the mean AOA, = 2Vk/c and k is the 
reduced frequency. The empirical constants used in the model for both airfoils are set as [4]: Tf = 3.0, T = 0.3, Tv = 
6.0 and Tvl = 11.0. Experimental results from wind tunnel tests [12] are used for the validation. 
Fig. 3 and Fig. 4 show the predicted CL, CD and CM for S809 airfoil in the stall-development and deep-stall 
regimes, with mean AOA of 14° and 20° respectively. The dynamic aerodynamic loads are predicted well by the 
model. The modified model is superior to the original model in the prediction of almost all of the force coefficients. 
Better maximum and minimum values are estimated by the modified model, especially for CD. The hysteresis loops 
predicted by the modified model show much smaller deviations from the measurements than those predicted by the 
original model.  
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Fig. 3. S809 aerodynamic force coefficients vs AOA,  = 14 + 10sin(t), k = 0.1 
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Fig. 4. S809 aerodynamic force coefficients vs AOA,  = 20 + 10sin(t), k = 0.078 
The proposed model has also been applied to other wind turbine airfoils and shown significant improvement over 
the original model. This also indicates that the proposed model is adaptable to different wind turbine airfoils. 
4. Conclusions 
In this study, a modified B-L model is proposed to estimate the unsteady aerodynamic loads on wind turbine 
blades due to dynamic stall. The proposed model has been validated through modelling the pitch oscillations of the 
S809 airfoil. The modified model shows considerable improvement over the original model.  The capabilities of the 
model also include: (1) correct prediction of negative values of the tangential force coefficient in deep-stall regime; 
(2) a generalised formulation for the pitching moment coefficient associated with trailing edge flow separation; and 
(3) the consideration of the vortex-induced tangential force. 
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